In this review, the biochemical composition and structural organization of the marsupial and eutherian zonae pellucidae are compared. Differences between the zonae from these two groups of mammals are observed in their response to dilute proteases and reducing agents, in their potential glycosylation patterns, and in some of their functions. However, studies on the glycoconjugates and polypeptides of the three zona pellucida genes have not explained these different responses to the proteases and reducing agents. There is high sequence similarity between the zona polypeptides of marsupials and eutherians, as well as a similarity in the oligosaccharides present, as demonstrated by lectin staining. As the marsupial and eutherian lineages diverged from a common ancestor over 100 million years ago, these observations indicate that the three-dimensional structure of these glycoproteins is highly conserved throughout all mammals, although the complexity of its molecular organization has yet to be resolved. Phylogenetic analyses indicate that there are at least four groups of paralogous zona pellucida genes in vertebrates. The marsupial ZPA and ZPB genes have been named in accordance with their orthologues but the phylogenetic relationships of the marsupial ZPC gene require further investigation. resultant confusion in gene and protein nomenclature, comparisons between marsupial and eutherian zona gene homologues may be enlightening. Accordingly, the evolution of the zona pellucida genes in Mammalia are examined and special consideration is taken of the recently published cDNA sequence data from eutherians and marsupials.
Functions of the mammalian zona pellucida
In eutherian mammals, the zona pellucida has several known functions, including: (i) provision of binding sites for receptors on the sperm surface; (ii) initiation of the acrosome reaction of the spermatozoon; (iii) prevention of polyspermy after initial entry of spermatozoa into the egg and subsequent exocytosis of cortical granule contents; (iv) maintenance of the integrity of the early embryo during the first few cleavage divisions before the development of tight junctions between the blastomeres and the occurrence of compaction; (v) prevention of the attachment of the blastomeres to the epithelial lining of the oviduct during embryonic transit (Yanagimachi, 1994) ; and (vi) putative protection of the early embryo from potential immunological rejection (Ozgur et al., 1998) .
In marsupials, far less is known about the functions of the zona pellucida and what data there are indicate that some of the functions differ from those of eutherian mammals. For instance, in contrast to eutherians, it appears that the prevention of polyspermy after fertilization may result from the deposition of a mucoid coat around the outer surface of the zona pellucida during oviduct transit (Rodger and Bedford, 1982; Selwood, 1992) , with a consequence that changes in the zona pellucida resulting from a cortical granule exocytosis may not be required to prevent polyspermy. In addition, since the marsupial embryo becomes surrounded by a mucoid coat, this coat, rather than the zona pellucida, is likely to prevent embryonic attachment to the oviductal epithelium. In contrast to the eutherian zona pellucida, the zona pellucida of dasyurids and possums appears to facilitate the initial blastomere attachment during early embryogenesis, before the development of cell-cell adhesion mechanisms (Selwood, 1992 (Selwood, , 2000 Frankenberg and Selwood, 1998) . There also appear to be structural differences between eutherian and marsupial zonae pellucidae, as the marsupial zona pellucida is much more easily solubilized by dilute proteases (Rodger and Bedford, 1982; Bedford, 1991; Bedford and Breed, 1994) . Do these differences in function, thickness and solubility of the zona pellucida between marsupial and eutherian mammals reflect significant differences in either its polymeric organization or its biochemistry?
Biochemical components and structural organization of the eutherian zona pellucida
In eutherians, the thickness of the zona pellucida ranges from 7 to 25 µm (Dunbar et al., 1991; Sinowatz et al., 2001) and the physical appearance of its inner and outer regions varies (Phillips and Shalgi, 1980; Dunbar et al., 1991 Dunbar et al., , 1994 depending on the species. Despite this variation, little consideration has been given to differences in the chemical composition of the zona pellucida. Furthermore, there is evidence that, in some species, different components of the zona pellucida are synthesized by different cell populations. For instance, in mice, expression of the ZPA, ZPB and ZPC genes appears to be restricted to the germ cells (Wassarman, 1988; Epifano et al., 1995) , whereas in rabbits, pigs, cows, cynomolgus monkeys and humans, one or more of the zona pellucida genes is also expressed in the The zona pellucida around the oocyte was torn after its attachment to a polylysine-coated coverslip to show the underlying microvilli of the oocyte. Scale bar represents 10 µm.
surrounding granulosa cells during some stages of folliculogenesis (Dunbar et al., 1994; Grootenhuis et al., 1996; Kölle et al., 1996 Kölle et al., , 1998 Martinez et al., 1996; Prasad et al., 2000; Sinowatz et al., 2001 ). Regardless of where the genes are expressed, zona pellucida polypeptide chains become extensively glycosylated before secretion. Early studies revealed a major discrepancy between the reported molecular weights of the polypeptides of the three zona pellucida glycoproteins as deduced from cDNA cloning and SDS PAGE. Extensive glycosylation of the polypeptides was therefore suggested (for reviews, see Wassarman, 1988 Wassarman, , 1999 Yanagimachi, 1994; Rankin and Dean, 2000) . Subsequent work on zonae pellucidae stained with lectins (Shalgi and Raz, 1997; Avilés et al., 1999 Avilés et al., , 2000 identified an abundance of glycoconjugates with both O-and N-linked oligosaccharides. Furthermore, lectin-gold labelling has been used to demonstrate that the distribution of the saccharides varies throughout the zona pellucida (Avilés et al., 2000) . These oligosaccharides appear critically important for spermzona binding, and most data indicate primary binding of the spermatozoon to the surface ligands on the oligosaccharide component of zona pellucida glycoproteins rather than to the polypeptide chains (for example, Sinowatz et al., 1995; Dell et al., 1999; Töpfer-Petersen, 1999; Wassarman, 1999; Tulsiani and Abou-Haila, 2001 ). The oligosaccharides of the glycoproteins provide the interface for specific sperm-zona binding, as demonstrated in studies involving deglycosylation and inhibition of sperm-zona binding with sugars and lectins (Mori et al., 1993) .
Once the glycoproteins have been synthesized and secreted, how do they become organized into the acellular coat that comes to surround the oocyte? Wassarman (1988) proposed that, at least for the laboratory mouse, repeating units of ZPA and ZPC are formed, giving rise to filaments with a structural periodicity of 14-15 nm, which are crosslinked by ZPB dimers forming a three-dimensional mesh. Currently, it is neither known in detail how the zona pellucida molecules are synthesized and secreted, nor how polymerization results in the formation of these filaments. Green (1997) suggested that either three-dimensional crosslinking occurs extracellularly some distance from the oocyte surface, or that assembly of the zona filaments takes place on the surface of the oolemma before secretion into the perivitelline space. The Wassarman model of the zona structural organization was constructed from data derived from laboratory mice and is supported by ultrastructural observations (Greve and Wassarman, 1985) , as well as by the occurrence of equimolar ratios of ZPA and ZPC and their sequence of synthesis (Wassarman, 1988; Epifano et al., 1995; for review, see Green, 1997) . Furthermore, gene 'knock-out' experiments in mice have added further support for this model since a homozygous deletion of either ZPC or ZPA resulted in a lack of zona formation (Liu et al., 1996; Rankin et al., 1996 Rankin et al., , 1999 Wassarman et al., 1999) , whereas a zona pellucida, albeit with aberrant organization, did form in ZPB knock-out mice (Rankin et al., 1996 (Rankin et al., , 1999 Rankin and Dean, 2000) . Different molar ratios in other species, for example pigs, in which equivalent amounts of ZPB and ZPC and less ZPA occur (Nakano et al., 1996) , together with the possibility of differences between human ZP1 and ZPB, indicate that the model proposed by Wassarman may not be applicable to the structural organization of the zona pellucida in species of other orders of mammals.
Biochemical components and structural organization of the marsupial zona pellucida
Low-power transmission and scanning electron microscopy (Breed, 1996; Fig. 2) indicate that the marsupial zona pellucida has a similar overall structure to that of eutherian
The marsupial zona pellucida 15 Around the preovulatory oocyte close to the cumulus cell (cc) and cytoplasmic extension (cce), the filaments appear to be more linearly aligned than those near the microvilli (m) of the oocyte. Scale bar represents 1 µm.
Fig. 4.
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mammals. Nevertheless, as previously indicated, in comparison with the eutherian zona pellucida, the marsupial zona pellucida responds differently to dilute proteases, and also appears to perform somewhat different functions. How do its chemical composition and detailed structural organization compare?
Polypeptides
Three cDNAs encoding zona pellucida from the brushtail possum, Trichosurus vulpecula, have been cloned and sequenced (Mate and McCartney, 1998; Haines et al., 1999; McCartney and Mate, 1999; Voyle et al., 1999) . A comparison of the aligned polypeptide sequences with those from eutherians has revealed several notable similarities and few discernible differences. As with all zona pellucida sequences from amphibians, birds and eutherian mammals, each of the marsupial zona pellucida glycoproteins has an Nterminal signal peptide and a C-terminal transmembrane domain. All zona pellucida sequences also have a highly conserved zona pellucida motif, which is likely to be essential for the formation of its filamentous structure. The ZPB glycoprotein has, in addition, a trefoil domain upstream from the zona pellucida motif, which may be involved in cross-linking the polypeptide chains. The distribution of cysteine residues in the zona pellucida polypeptides is highly conserved throughout marsupial and eutherian mammals. However, the extent of disulphide bonding in marsupial zonae pellucidae may differ from that in eutherians since there was a reduced susceptibility of the marsupial zona pellucida to disulphide reduction by β-mercaptoethanol and dithiothreitol (Chapman et al., 2000a) . Although some conservation of the glycosylation sites is evident, there is considerable heterogeneity in the number and position of these sites (Mate and McCartney, 1998; Haines et al., 1999; Voyle et al., 1999) . In addition, potential polymorphic variation has been found to occur in the ZPA of the brushtail possum (Voyle et al., 1999) , and six non-synonymous substitutions occur outside the highly conserved domain; intraspecific variability in fertility may be associated with this variation.
In situ hybridization, using histological sections of possum ovaries, has shown that ZPA and ZPB expression appears to be restricted to the oocyte, at least within the limits of the colorimetric detection method. Furthermore, both mRNA transcripts appear to be present in the cytoplasm of at least some of the oocytes of primordial follicles of adult possums. Maximum staining for transcripts occurred in the oocytes of primary follicles in which there was a single layer of cuboidal follicular cells (Haines et al., 1999; Voyle et al., 1999) , and in which some synthesis and secretion of zona pellucida extracellular matrix has already taken place (Breed, 1996; Mate, 1998) . This finding indicates that a large amount of transcription and translation of the zona pellucida transcripts occurs in oocytes at an early stage of follicular development but that deposition of the matrix does not take place until differentiation of a primary follicle occurs.
Glycoconjugates
As in eutherian mammals, the co-and post-translational modifications to zona pellucida proteins are likely to play a significant role in the form and function of the zona pellucida in marsupials. The N-and O-linked oligosaccharides of the eutherian zona pellucida probably facilitate its flexibility, longevity, as well as acting as ligands for sperm receptors and protecting the oocyte and early embryo (Green, 1997) . Detailed characterization of the oligosaccharides of the eutherian zona pellucida has been carried out in pigs (for review, see Nakano and Yonezawa, 2001), cows (for example, Katsumata et al., 1996) and laboratory rodents (for example, Noguchi and Nakano, 1993; Easton et al., 2000) . However, such characterization of zona pellucida glycoproteins is not technically possible at present for marsupial zonae owing to the limited availability of material. This constraint restricts investigation of the contribution of specific sugars in the oligosaccharides of the marsupial zona pellucida glycoproteins to lectin histochemistry (Chapman et al., 2000b) similar to that carried out in earlier studies on eutherian zonae pellucidae (Skutelsky et al., 1994; Parillo et al., 1996) . Fig. 4 . Unrooted phylogeny based on aligned zona pellucida domain cDNA sequences from representative zona pellucida genes. The phylogeny shows that there are at least four paralogous groups of zona pellucida genes (ZPA, ZPB, ZP1 and ZPC), requiring a minimum of three gene duplication events (indicated at positions 1, 2 and 3). The ZPA genes are highlighted in yellow, the ZPB genes in blue, the ZP1 genes in red, and the ZPC genes in green. Duplications are identified by blue circles. Duplication 1 gave rise to the ancestral ZPC and the ancestral precursor of ZP1, ZPA and ZPB; this event pre-dated the divergence of amniotes from fish. Duplication 2 gave rise to the ancestral ZPA and the ancestral precursor of ZP1 and ZPB; this event pre-dated the divergence of reptiles, birds, and mammals. Duplication 3 gave rise to the ancestral ZP1 and ZPB gene lineages; this event also pre-dated the divergence of reptiles (including birds) and mammals. A fourth duplication is included to explain the anomalous position of possum ZPC. Zona pellucida domain protein sequences were aligned using CLUSTALW (Thompson et al., 1994) , and then converted to cDNA (maintaining the alignment) for phylogenetic analysis. The tree was generated using the program BAMBE (Simon and Larget, 2000) . The final tree is a consensus compiled from the results generated from four different random starts. The log likelihoods of trees sampled during each of the four runs converged, supporting the contention that the final tree belongs to a true maximum, not a local maximum. A total of 1.5 ϫ 10 6 sampling iterations were included in the final summation. Posterior probabilities are indicated by the colour scheme shown in the key. The probability associated with duplications 1, 2 and 3 is 100%, and with duplication 4 is 97%. Branch lengths are drawn to scale and indicate the rate of sequence change. Maximum parsimony with bootstrapping was also used to find a consensus tree for the same dataset. The branching order at crucial nodes was identical to that shown in the BAMBE consensus tree.
Our studies of the marsupial zona pellucida have involved incubation of ovarian sections with either neuraminidase to remove masking sialic acids, or saponification to remove O-acetyl groups, before staining with fluorescein-conjugated lectins. Although interspecific variation in glycoconjugate content was evident, its composition was in general similar to that of eutherian zonae pellucidae (Chapman et al., 2000b) . Much of the glycoconjugate variation among marsupial species appears to relate to the N-linked oligosaccharides and, in particular, to mannose. All of the seven marsupial species examined, each of which belongs to a different family, had mannose present in the zona pellucida (Chapman et al., 2000b) , but in the dunnart (Sminthopsis crassicaudata), opossum (Monodelphis domestica), brushtail possum (Trichosurus vulpecula) and kangaroo (Macropus giganteus), the unmasking of O-acetyl groups was necessary before the mannose could be demonstrated. The fact that mannose residues are likely to be contained within N-linked oligosaccharides is supported by the sequence data from the possum showing eight potential N-glycosylation sites for ZPA, seven for ZPB and two in ZPC after discounting one in each of ZPA and ZPC in which proline occupies the X position of the determining sequon N-X-S/T. The sequon N-P-S/T is counter-indicated for N-glycosylation, whereas conversely, the presence of serine as well as threonine (fifth site in both ZPA and ZPB of the possum) in the X position provides up to 95% efficiency for N-glycosylation (ShakinEshleman et al., 1996) .
Identification and localization of the disaccharide β(1-4)-N-acetyl-D-glucosamine in marsupial zona pellucida indicates conservation of this oligosaccharide in the zona pellucida throughout mammals. In the marsupial zona pellucida, as in that of eutherians (Avilés et al., 1994; Skutelsky et al., 1994) , strong-to-intense binding of the lectin WGA is localized to the inner and outer regions. However, after saponification, this localization disappears, with strong-to-intense staining present throughout the zona pellucida. This staining pattern indicates a greater abundance of O-acetylated sialic acid in the middle compartment of the marsupial zona pellucida compared with that in the inner and outer zones. It is possible that the function of these O-acetylated sialic acids is to inhibit degradation of glycoconjugates, since the presence of an acetyl group at the O-4 position blocks the action of neuraminidase (Schauer, 1988) . The presence of sialic acid may prevent additional degradation of the internal sugar residues which, in turn, may prevent degradation of the protein backbone, as the more glycosylated a protein, the more resistant it is to enzymatic digestion (Semino et al., 1985; Jentoft, 1990) . Although the presence of O-acetylated sialic acids in the central region of the zona pellucida of marsupials may help indirectly to maintain the integrity of the egg, the lack of Oacetylated sialic acids in the inner and outer regions may allow for selective glycolysis and proteolysis after an acrosome reaction or cortical granule content release.
Whether the differences in glycoconjugate composition of marsupial zona pellucida relate to the specificity of sperm binding to the zona pellucida is unknown. At present, this information is difficult to obtain because sperm-zona pellucida binding and penetration has been obtained only recently in vitro in an Australian species (Mate et al., 2000) . This limitation has prevented the use of competitive binding assays using various carbohydrates to determine the sugar residues involved in sperm-zona pellucida binding. Furthermore, sperm-zona pellucida binding and penetration appears to take place only after spermatozoa have been incubated in oviduct-conditioned media, indicating an oviductal factor, or factors, that facilitate sperm-egg interactions (Sidhu et al., 1999) . In the amphibian, Xenopus laevis, a trypsin-like oviduct factor, oviductin, transforms the egg envelope into a fertilizable vitelline envelope, by the cleaving of part of the C-terminus of the ZPC homologue gp43 into gp41 (Kubo et al., 1999; Lindsay et al., 1999) . As the brushtail possum zona pellucida may change from a 'thick and diffuse' appearance before ovulation, to a 'thin and compact' appearance afterwards (Rodger and Mate, 1993) , an analogous situation may occur in marsupials as well.
The highly glycosylated nature of the marsupial zona pellucida also indicates that it is extremely hydrated. Processing for electron microscopy may result in shrinkage of the zona pellucida, and lead to the occurrence of artefacts during the preparative process. Rapid freezing and freeze substitution are being used to overcome this problem and preserve the possum zona pellucida as close to the natural state as possible (J. A. Chapman, O. W. Wiebkin and W. G. Breed, unpublished) . When prepared in this way and observed by routine transmission electron microscopy, the possum zona pellucida appeared to have a highly ordered, branched and organized pattern (Fig. 3) . This regular structural organization did not reveal any noticeable inner and outer variation in the zona pellucida around ovulated oocytes as in the eutherian zona pellucida (Phillips and Shalgi, 1980; Dunbar et al., 1994; Yanagimachi, 1994) . However, compared with the zona pellucida of ovulated eggs, the possum zona pellucida around intraovarian oocytes appears less well organized, possibly due to the traversing cytoplasmic extensions of cumulus cells with the material close to the somatic cells appearing more fibrillar than it does elsewhere (Fig. 3) . The marked change in consistency of the possum zona pellucida around the time of ovulation may reflect a reorganization of the matrix as a result of the withdrawal of the cumulus cell extensions that takes place at this time.
Evolution of the zona pellucida genes
Questions about the orthology of the rodent and human ZPB genes have arisen from the low sequence identity observed between the corresponding cDNAs and proteins. A putative cDNA named ZP1, thought to represent the orthologue of mouse ZPB, has been identified in humans (Hughes and Barratt, 1999) . The expression pattern of human ZP1, and the structure and function of its putative protein product, remain to be elucidated. Nevertheless, it seems likely that there are at least four paralogous groups of zona pellucida glycoprotein genes (that is, genes that trace their common ancestry back to gene duplication events) in amniotes, not all of which may contribute to the zona pellucida (Hughes and Barratt, 1999; Bausek et al., 2000) . These findings can be explained by the hypothesis that, during the evolution of rodents, the ZPB gene was functionally replaced by the orthologue of the human ZP1 gene. It is unlikely that this event pre-dated the divergence of rodents from other eutherian orders, since rodents appear to be the only group of eutherian mammals in which this substitution occurred. Differences in the structure and function of ZP1 and ZPB may warrant a reappraisal of the degree to which human and mouse zona pellucida can be compared.
Several previous studies have inferred phylogenetic relationships among the various zona pellucida genes from sequence comparisons performed on the basis of per cent identity at the DNA or protein level. Such approaches can give misleading results as they assume that the relevant molecules evolve in a clock-like fashion. The evolution of the zona pellucida genes has been re-examined using the Monte Carlo Markov Chain (MCMC) convergence technique in the program BAMBE (Bayesian Analysis in Molecular Biology and Evolution -Version 2.02) (Simon and Larget, 2000) , which enables the calculation of Bayesian posterior probabilities for each branch on the phylogeny. ZPA, ZPB and ZPC cDNA sequences from the brushtail possum (Mate and McCartney, 1998; Haines et al., 1999; McCartney and Mate, 1999; Voyle et al., 1999) were included in the analysis, as well as sequences from a range of eutherian mammals, birds and fish, all of which are present in the public domain on GenBank.
The resultant phylogeny (Fig. 4) has three important features. First, possum ZPA forms a monophyletic group with the eutherian ZPA genes, indicating that these genes share an orthologous relationship. Second, in the group of genes identified previously as ZPC, possum ZPC falls outside the chicken and eutherian ZPC lineage. One explanation for this could be that the possum ZPC gene is paralogous to the ZPC of birds and eutherian mammals, that is, it arose by gene duplication (see position 4, Fig. 4) . Third, the rodent ZPB genes, together with the human (Hughes and Barratt, 1999) and chicken (Bausek et al., 2000) ZP1 genes, form a monophyletic group that is distinct from a group comprising chicken ZPB, possum ZPB and the other eutherian ZPB genes. This result indicates that these groups are paralogous and resulted from a gene duplication as indicated (see position 3, Fig. 4) . Although the system of nomenclature for the zona pellucida genes is confusing, it is clear that within the existing framework, the possum ZPA and ZPB genes have been named according to their orthologous counterparts in eutherian mammals.
